Abstract-An approach to perform ultrasound spatial compounding using synthetic aperture data is proposed. The approach allows compounding to be performed for any number of directions without reducing the frame rate or temporal resolution. It is demonstrated how the contrast is improved by compounding and the effect is quantized by speckle statistics and by computing contrast-to-noise ratios (CNR) from the resulting images. The method is validated using Field II simulations for a 7 MHz, λ/2-pitch transducer with 192 elements with 64 elements active for each scan line. Circular regions (cysts) with a diameter of 5 mm and scattering levels ranging from -3 to -12 dB relative to the background are imaged at 2 depths. Compound images composed of 1-5 images with an angular separation of 2 degrees are constructed and for the cysts at -3, -6, -9, and -12 dB, a CNR of -0.43, -1.11, -1.44, and -1.91 dB are obtained when using 5 images. Using the same RF data, a synthetic aperture image without compounding reveals a CNR of -0.36, -0.93, -1.23, and -1.61 dB for the four cysts, respectively.
I. INTRODUCTION
Medical ultrasound imaging is used for many purposes, e.g. for localizing and classifying cysts, lesions, and other processes. Almost any mass is first observed using B-mode imaging and later classified using e.g. color flow, strain, or attenuation imaging. It is therefore important that the Bmode images have high contrast. Like all imaging modalities, ultrasound is subject to a number of inherent artifacts that compromise image quality. The most prominent artifact is the degradation by coherent wave interference, known as 'speckle', which gives a granular appearance to an otherwise homogeneous region of parenchyma [1] , [2] . The speckle reduces image contrast and diminishes the possibilities for detection of low-contrast regions.
A successful approach to remedy the speckle artifacts is spatial compounding [3] , [4] , where images are acquired from a number of directions and combined after envelope-detection. Today, spatial compounding is implemented in all state of the art, high-end ultrasound systems and available when using a low pitch transducer with a fairly high number of independent channels [5] . Inherent in all compounding techniques is a loss in frame rate due to acquisition at multiple angles. This paper suggests an approach based on synthetic aperture imaging, where this can be avoided.
The organization of this paper is a follows: First, spatial compounding is described in more detail and some properties are introduced for measuring speckle statistics and contrast. Next, synthetic aperture imaging is explained and the proposal for using synthetic aperture data for compounding is presented.
In the results section, simulation results for a cyst phantom are presented together with speckle statistics and contrast-to-noise ratios for cysts with scattering levels, ΔV ranging from -3 to -12 dB relative to the background. Finally, a discussion of the results is presented together with some future steps for further investigation of the proposed method.
II. METHODS

A. Compounding
For conventional spatial compounding, a low-pitch linear array is used. A subset of the elements is selected as the current active aperture, and this aperture is used as a phased array to steer the beam in a direction making an angle θ with a normal to the transducer surface. The active aperture is then moved, until scan lines originating from the entire extent of the linear array are recorded. This procedure is repeated for angles θ i , i = 1, . . . N θ , where N θ is the number of angles to be used for compounding. Next, the N θ images are envelopedetected and added using scan-line conversion. An illustration of the scan line positions for N θ = 3 is given in Fig. 1 fully compounded image region determined by the length of the array d and the beam angle extrema, θ min and θ max . The resulting image has a reduced speckle appearance, a lower noise floor, boundaries subject to non-normal incidence are more visible, and image shadowing is confined to a smaller triangular region behind the attenuating masses or boundaries. For this study, only first order effects are considered, hence only the speckle pattern is analyzed.
To evaluate the image quality, one studies the magnitude V of the received signal (found by envelope-detection). For first order statistics, the parameter of interest is the expectation value of V , μ V = E(V ), in units of its standard deviation, σ V . In the literature, this is referred to as the speckle signalto-noise ratio at a point,
and its inverse as the speckle contrast. The envelope-detected signals, V follow Rayleigh statistics and for a fully developed speckle, the theoretical value of SNR 0 is 1.91 [2] , and if the N θ images are uncorrelated, it is 1.91 √ N θ . Images used for compounding are not uncorrelated and therefore a smaller improvement of the signal-to-noise is obtained [6] .
Another parameter of interest is the contrast-to-noise ratio for a region-of-interest (ROI) with a scattering level different from the background:
where V ROI and V B are the envelope-detected signals from the ROI and background, respectively. A drawback of conventional compounding is either a reduction of the frame rate or a reduction of the true temporal resolution. In the case of the latter, the temporal resolution is reduced due to images being buffered to achieve an apparent high frame rate.
B. Synthetic Aperture
Synthetic aperture imaging can synthesize the transmit aperture [7] , the receive aperture [8] , or both [9] . A typical setup for doing both, is to acquire data by emitting with a single transducer element and receiving with all or a subset of the elements. This procedure is then repeated for all emissions and a complete data set is acquired. Using this data set, any beam and focusing can be synthesized.
For transmit focusing, delays and apodizations are calculated for each point in the image to construct signals, which at each point sum up coherently. For receive focusing, another set of delays and apodizations are applied to the signals received from the individual transducer elements and then a weighted sum is performed. In addition, the apodization can be adjusted to even out the resolution over a range of depths to maintain a constant resolution by realizing a fixed F-number using an expanding or contracting aperture for transmit and receive beamformation, respectively. A major advantage of synthetic aperture imaging is the possibility to focus everywhere in the image resulting in a better resolution. Further, this can be achieved using the same amount of time for data acquisition as for conventional imaging. The price for the resolution though, is a huge increase in RF data processing -an increase by the number of lines to beamform for each pulse emission.
C. Synthetic Aperture Compounding
To perform compounding using synthetic aperture data, apodizations are calculated for each image point corresponding to imaging the point using a focused beam centered around the point and making an angle θ with a normal to the transducer surface. In Fig. 2 , it is shown for a single point, how the transmit apodization for an emission with transmit origin r xmt are calculated using the orthogonal distance from the transmit origin to the "scan-line". Similarly, receive apodizations are θ r rcv r xmt The receive apodization is computed using the orthogonal distance from the receive element to the "scan line" and the value (red line) can be read-off from the arc representing an apodization function. Similarly, a transmit apodization (green line) is computed using the orthogonal distance from the origin of the transmission to the scan line. The grey area shows the "beam" that we are synthesizing by making the given apodization.
calculated for each point and applied to the signals received from the individual receiving elements of each transmission. The receive apodization values are likewise computed using the orthogonal distance from the "scan-line" to now the position of the receiving element. The delay calculation are identical to what is used for synthetic aperture imaging without compounding. The RF data are beamformed as in-phase and quadrature components, and the envelope computed as the absolute value. This rather complex procedure is repeated for angles θ i , i = 1, . . . N θ , where N θ is the number of angles to be used for compounding. Finally, the compound image are constructed by addition or multiplication of the enveloped images. An implementation of this method uses a buffer for N θ images and calculates the delays for each pixel only once.
Further, the envelope can be computed for a pixel as soon as the RF data for the relevant emissions are processed to achieve the best possible temporal resolution.
III. RESULTS
A. Simulation
The proposed method for synthetic aperture compounding is implemented using a new software beamformation toolbox [10] and validated using Field II -a program for simulating ultrasound systems [11] , [12] . A setup with a 7 MHz, λ/2-pitch linear-array transducer with 192 elements are used for simulation. The emitted pulse is a single-cycle sinusoid and the temporal impulse response is modelled as a two-cycle sinusoid for both the transmitting and receiving aperture. The speckle pattern is modeled as the signal from a large collection of randomly placed scatterers with Gaussian amplitudes residing in a volume with dimensions (height-width-depth) 5 × 20 × 20 mm. Circular (cylindrical) regions with a diameter of 5 mm and scattering levels ranging from -3 to -12 dB relative to the background are simulated at four positions by scaling the amplitudes accordingly. The random selection of point scatterers are chosen to have a density of at least 10 scatterers per resolution cell for any point in the image. The setup is shown in Fig. 3 . Single-element emissions are simulated using 
B. Compounding
For reference, a conventional compound image is created using 64 elements active for each scan line, dynamic receive focusing, and a Hamming apodization. Using random amplitudes for the scatter map, SNR 0 values are computed for images using 1, 3, and 5 angles for compounding. The results are shown in Table I . The values increase when using an increasing number of angles for compounding.
In Fig. 4 , images of the cyst phantom are constructed using 1, 3, and 5 angles for compounding. The CNR values for the Table I : SNR 0 for conv. and synthetic aperture compounding for images compounded of 1,3, and 5 angles. The compounding is made using addition of the envelope-detected signals. four cysts are computed in Table II . The values are increasing for an increasing number of images for all the cysts. It is worth noticing that the CNR is worse when compounding using multiplication.
C. Synthetic Aperture Compounding
Synthetic aperture compounding as described in Section II-C is applied to the simulated data using a Hamming window as the apodization function represented by the arc in Fig. 2 . Following the same approach as for conventional compounding, SNR 0 values are computed using random amplitudes for compounding using 1, 3, and 5 angles. The results are given in Table II : Contrast-to-noise ratios for cysts at scattering levels, ΔV , equal to -3, -6, -9, and -12 computed from conventional compound images constructed by addition respectively multiplication of 1, 3, and 5 images. 4 be explained by the blurring lowering the variance of images obtained using conventional compounding. In Fig. 5 , synthetic aperture compound images of the cyst phantom are created using 1, 3, and 5 angles for compounding The CNR values for the four cysts are computed in Table III . The values are increasing for an increasing number of images for all the cysts. Again, it is worth noticing that the CNR is worse when compounding using multiplication. Table III : Contrast-to-noise ratios for cysts at scattering levels, ΔV , equal to -3, -6, -9, and -12 computed from synthetic aperture compound images constructed by addition respectively multiplication of 1, 3, and 5 images.
IV. CONCLUSION
For all cysts imaged using spatial compounding, an improved speckle signal-to-noise ratio is obtained, when increasing the number of images and this in agreement with the results of [6] . As a consequence, the contrast is improved and low-contrast regions are easier to detect. Using synthetic aperture, an increased resolution is obtained, which is evident from Fig.5 . The fact that using the proposal for synthetic aperture compounding, the speckle is reduced and the contrast improved is evident from the results of Table I and  Table III and this opens for further applications of synthetic aperture imaging worth investigating. In particularly, better contrast can easily be obtained by trading off resolution by using a smaller transmit or receive aperture. For an implementation, the obvious choice is to use fewer emissions to also obtain a higher temporal resolution.
Next steps are to collect synthetic aperture data with our new research scanner SARUS [13] , validate the method on invivo data, investigate the resolution trade-off when using fewer transmissions, and finally to implement synthetic aperture compounding for real-time in-vivo imaging to validate the method using pre-clinical trials.
